Many bacteria, including Legionella pneumophila, rely on the type IV secretion system to translocate a repertoire of effector proteins into the hosts for their survival and growth. Type IV coupling protein (T4CP) is a hexameric ATPase that links translocating substrates to the transenvelope secretion conduit. Yet, how a large number of effector proteins are selectively recruited and processed by T4CPs remains enigmatic. DotL, the T4CP of L. pneumophila, contains an ATPase domain and a C-terminal extension whose function is unknown. Unlike T4CPs involved in plasmid DNA translocation, DotL appeared to function by forming a multiprotein complex with four other proteins. Here, we show that the C-terminal extension of DotL interacts with DotN, IcmS, IcmW and an additionally identified subunit LvgA, and that this pentameric assembly binds Legionella effector proteins. We determined the crystal structure of this assembly and built an architecture of the T4CP holocomplex by combining a homology model of the ATPase domain of DotL. The holocomplex is a hexamer of a bipartite structure composed of a membrane-proximal ATPase domain and a membrane-distal substrate-recognition assembly. The presented information demonstrates the architecture and functional dissection of the multiprotein T4CP complexes and provides important insights into their substrate recruitment and processing.
M
any bacterial species are equipped with a type IV secretion system (T4SS) that delivers DNA-protein conjugates or virulence proteins across the cell envelope and into recipient cells to mediate horizontal gene transfer or to establish a survival niche in hosts 1 . The T4SS is mainly composed of two components: a transenvelope secretion conduit and a type IV coupling protein (T4CP) 2 . T4CP is an AAA+ type hexameric transmembrane ATPase that plays a dual role: recruiting substrates and conveying them to the secretion conduit 3 . A prototypic T4SS is the VirB/ VirD4 system, encoded by the Ti plasmid in Agrobacterium tumefaciens 4 , where VirD4 is the T4CP. It translocates the covalently linked transfer DNA-relaxase complex as well as three effector proteins (VirE2, VirE3 and VirF) into plant cells 5, 6 . After being recruited to VirD4, the substrate has to be processed to pass through the narrow T4SS channel. In addition to VirD4, at least two other ATPases, VirB4 and VirB11, are required for substrate processing, which includes protein unfolding 7, 8 . Legionella pneumophila is a Gram-negative bacterium and a causative pathogen of Legionnaires' disease. It is an intracellular pathogen that translocates about 300 bacterial proteins, termed effector proteins, into a phagocytic macrophage to subvert immune defense mechanisms and alter homeostasis of the host cell. Isolation of L. pneumophila mutants with severe defects in macrophage killing and intracellular multiplication led to the identification of the 26 Dot/Icm genes (Defective for Organelle Trafficking/IntraCellular Multiplication defect) located at two loci on the bacterial genome [9] [10] [11] [12] [13] [14] . The Dot/Icm loci are related to the conjugal DNA transfer (Tra) region of the Shigella flexneri IncI ColIb-P9 plasmid. The proteins encoded by this region constitute a T4SS, called I-T4SS (after the conjugative plasmid IncI) or T4BSS (after type IVB) 15, 16 . Of the 26 Dot/Icm proteins, DotC, DotD, DotF (IcmG), DotG (IcmE) and DotH (IcmK) constitute a core transmembrane complex that appears to function analogously to the T4SS secretory conduit of A. tumefaciens 17 . DotL (IcmO) has been identified as a T4CP based on sequence homology with other known T4CPs, including TrwB of Escherichia coli 18 . In comparison with TrwB, whose cytoplasmic part consists of a nucleotide-binding domain (NBD) and an all α-helical domain (AAD) 19 , DotL contains an additional ∼200-residue segment following the N-terminal NBD. This C-terminal extension is unrelated to any functionally annotated proteins, while a similar or even longer extension is found in T4CPs from other pathogenic bacteria, including Coxiella, Yersinia and Pseudomonas species. Intriguingly, unlike the other characterized T4CPs, DotL appears to form a multiprotein T4CP complex with four other proteins, DotM (IcmP), DotN (IcmJ), IcmS and IcmW (refs 2,17,20) . The functions of these four putative subunits are elusive, and how they interact with DotL is virtually unknown.
Here, we show that the C-terminal extension of DotL forms a pentameric complex together with DotN, IcmS, IcmW and a previously unknown subunit LvgA. Moreover, we show that this assembly interacts with Legionella effector proteins. We also present a pseudo-atomic model for the Dot/Icm T4CP holocomplex.
Subsequently, we determined the structure of this T4CP subcomplex, designated DotL(656-783)-IcmSW. The structure shows that IcmS and IcmW are composed entirely or mostly of α-helices and that the two C-terminal α-helices (α8, α9) of IcmW interact with IcmS to form a bilobed structure (Fig. 1a) . The binding interfaces between IcmS and IcmW are quite extensive and are composed mainly of hydrophobic residues, explaining the tight interaction between the two proteins. One face of IcmSW is rather flat and the opposite face is predominantly concave. The overall surface of IcmSW is negatively charged (Fig. 1a) , but the concave surface contains a number of exposed hydrophobic residues: Leu86, Ala97, Leu101, Ile102, Leu119 and Leu123 of IcmW. As describe in the following, these hydrophobic residues are involved in the binding of another subunit LvgA. DotL(656-783) forms an extended rope-like structure that spans the entire length of the flat surface of IcmSW and also a side of IcmW (Fig. 1a) Fig. 1a) . Consistently, DotN crystals exhibited strong X-ray absorption at the Zn K-edge. Subsequently, the structure of DotN was determined by the single wavelength anomalous dispersion (SAD) method using a native DotN crystal. In the asymmetric unit of the crystal, 12 molecules formed six dimeric pairs, which are essentially the same as each other, indicating that DotN alone is likely to form a homodimer ( Supplementary Fig. 1a) . A single Zn atom was found coordinated by four cysteines (Cys52, Cys55, Cys84 and Cys87). This Zn cage is completely buried inside the protein, indicating that the zinc ion plays a structural role in protein folding and the stability of DotN ( Supplementary Fig. 1a ).
Structure of DotN bound to DotL(590-659). We found that DotL (590-783) could be produced in a soluble form when E. coli cells expressing this construct were lysed together with cells expressing DotN or IcmSW. Furthermore, these four proteins formed a stable quaternary complex during protein purification. However, this complex was refractory to crystallization. By deletion analysis, we further found that DotL(590-659) forms a stable complex with DotN. Subsequently, the structure of this complex was determined by the zinc SAD method (Fig. 1b) .
In this crystal structure, DotN forms a 1:1 complex with DotL (590-659), indicating that the homodimer of free DotN disassembles into monomers to bind DotL(590-659). Formation of the 1:1 complex was supported by an asymmetrical flow field-flow fractionation coupled with multi-angle light scattering (AF4-MALS), showing that the deduced molecular mass is close to the calculated molecular mass of 31.44 kDa (Fig. 1b) . Conceivably, the DotNDotL(590-659) interaction is tighter than the DotN-DotN interaction. DotL(590-659) interacts with DotN in a linear fashion, as if it wraps about halfway around DotN. On the surface of DotN, the N-terminal portion of DotL(590-659) forms an α-helix (α1), followed by an extended loop (α1-α2) and two C-terminal α-helices (α2 and α3) (Fig. 1b) . The extended structure of this DotL segment would be disordered without DotL, which explains the known dependence of DotL stability on DotN (ref. 17) .
LvgA is an integral component of the coupling complex. LvgA is an acidic protein that was identified as a virulence factor present in all strains of L. pneumophila 24 . The open reading frame of LvgA resides outside the Dot/Icm loci, but LvgA is known to interact directly with IcmS (ref. 25) . We postulated that this protein might be an integral component of the coupling complex. Consistently, whereas LvgA alone was expressed in a completely insoluble form in E. coli, the protein co-expressed together with IcmS was soluble and the resulting heterodimer could be purified. However, this complex appeared heterogeneous, as judged from the elution profile from a gel-filtration column and a smeared band pattern on a native polyacrylamide gel (Fig. 2a) . Coexpression of LvgA with IcmSW resulted in a ternary complex, IcmSW-LvgA, which could be purified, but again it exhibited signs of heterogeneity (Fig. 2a) . In contrast, coexpression of LvgA with IcmSW and DotL(656-783) resulted in a homogeneous quaternary complex, DotL(656-783)-IcmSW-LvgA. This complex was maintained throughout purification and exhibited a well-defined single band on a native polyacrylamide gel (Fig. 2a) . The dependence of LvgA folding on IcmS and its tight interaction with DotL(656-783)-IcmSW suggest that LvgA is an integral subunit of the coupling complex.
Structure of LvgA bound to DotL(656-783)-IcmSW. Subsequently, we determined the structure of the DotL(656-783)-IcmSW-LvgA complex at 2.8 Å. LvgA adopts a mixed α/β fold, in which two juxtaposed α2 and α3 helices sit on a rather flat β-sheet composed of six β-strands (Fig. 2b) . According to the Dali server, the structure of LvgA is unrelated to any known proteins (highest Z-score of 4.6). While LvgA does not interact with DotL (656-783), it interacts with both IcmS and IcmW at the wide concave surface between the two proteins (Fig. 2b) . This interaction is mediated mainly by the N-terminal α-helix (α1, residues 31-45) of LvgA. In addition, its C-terminal α-helix (α4, residues 167-184) and the following loop interact with IcmS (Fig. 2b) . The interactions between these two α-helices of LvgA and IcmSW are mainly hydrophobic, involving Trp42, Trp43 and Trp45 on α1 and Trp169, Tyr173 and Tyr185 on α4 (Fig. 2c) . By these interactions, LvgA shields a number of otherwise exposed hydrophobic patches of IcmSW. Notably, both α1 and α4 of LvgA extend out from the main body of LvgA, as if they do not belong to LvgA, but to IcmS or IcmW. These observations explain why LvgA alone is insoluble and depends on IcmS for its solubility.
Structure of DotL(590-783)-DotN-IcmSW-LvgA. To obtain structural information about the entire C-terminal assembly of DotL, we produced a pentameric complex of DotL(590-783)-DotN-IcmSW-LvgA. This complex itself does not form a higherorder oligomer in solution, as judged based on an AF4-MALS analysis ( Supplementary Fig. 3a) . Crystals of this complex were obtained, but they diffracted poorly and resisted improvement. We next performed a small-angle X-ray scattering (SAXS) analysis of this complex. The molecular envelope derived from the analysis had an elongated shape with a slim end and a fat end (Fig. 3a) . The DotL(590-659)-DotN structure (small) and the DotL (656-783)-IcmSW-LvgA structure (large) were fitted visually into the slim portion and fat portion, respectively. The two structures in this orientation were used as an input to calculate a homology model for DotL residues 660-673, which correspond to the linker segment between the DotN-binding region and the IcmSWbinding region. The program MODELLER 26, 27 modelled this segment as an extended loop structure between DotL(590-659)-DotN and DotL(656-783)-IcmSW-LvgA (Fig. 3a) , which is consistent with a secondary structure prediction. The calculated scattering curve and distance distribution function P(r) are in good agreement with the experimental observations ( Supplementary Fig. 3b,c) . In this reconstituted, pseudo-atomic resolution structure of DotL(590-783)-DotN-IcmSW-LvgA, the first N-terminal α-helix of DotL(590-783) is at the top and the following polypeptide cascades down along the complex, with LvgA located at the bottom (Fig. 3a) .
To elaborate further, we analysed the DotL(590-783)-DotNIcmSW subcomplex by fluorescence resonance energy transfer (FRET). For cysteine-specific covalent attachment of the donor (Cy3) and acceptor (Cy5) dyes, three exposed cysteine residues (Cys14 of DotN, Cys136 of IcmW and Cys8 of IcmS) were replaced with alanine. One remaining exposed cysteine residue, Cys126 of DotN, was chosen to make a pair with an artificially introduced cysteine at the position of Asp723 or Asp752 of DotL (Fig. 3b) . These two surface-exposed aspartate residues are 28.3 and 61.1 Å apart from Cys126 of DotN (inter Cα distance), respectively, in the reconstituted structure. Because of the stochastic nature of dye labelling, the alternating-laser excitation FRET (ALEX-FRET) method was used to discriminate the correct FRET pair (Cy3-Cy5) from the non-FRET pairs (Cy3-Cy3) and (Cy5-Cy5) Interaction between the T4CP complex and effector proteins. Because IcmSW was reported to interact with a number of Dot/Icm T4SS substrates 20, 21, [28] [29] [30] [31] , we tested how different T4CP subcomplexes containing IcmSW would interact with effector proteins. Four different Legionella effector proteins (SidJ, Lpg0393, VpdB and SetA) were purified, and their potential binding to DotL(590-783)-DotN-IcmSW was examined. In a native PAGE-based protein-binding assay, the four effector proteins showed no notable interaction with this complex except for a slight tailing of effector protein bands (Fig. 4a, left) . In contrast, DotL(590-783)-DotN-IcmSW-LvgA exhibited additional protein bands for VpdB and SetA that are likely to arise from a protein-protein interaction (Fig. 4a, middle) . DotN was not involved in formation of the additional protein bands, because DotL(590-783)-IcmSW-LvgA lacking DotN exhibited similar additional protein bands with VpdB and SetA (Fig. 4a,  right) . The same assay was performed with IcmSW and IcmS-LvgA to find that IcmSW alone exhibited no notable interaction ( Supplementary Fig. 4a ) and that IcmS-LvgA exhibited merely detectable interactions with SetA and VpdB ( Supplementary Fig. 4b ).
Using the SiMPull (single-molecule pull-down) assay 32 , the interaction between DotL(590-783)-DotN-IcmSW-LvgA and SetA was confirmed (Fig. 4b) . We next quantified the interaction of DotL(590-783)-DotN-IcmSW-LvgA with VpdB and SetA by biolayer interferometry (BLItz) to find that they interact with each other with an apparent dissociation constant K D of ∼332 nM and 1.6 µM, respectively (Fig. 4c, left) . Consistent with the native PAGE analysis, interaction between DotL(590-783)-DotNIcmSW lacking LvgA and VpdB or SetA was undetectable (Fig. 4c, right) .
Whether translocation of VpdB and SetA is dependent on IcmSW is unknown. We purified recombinant PieA and a C-terminal fragment (residues 1830-2225) of SidH. These two proteins are known to depend on IcmSW for their translocation 31, 33 . Both PieA and SidH(1830-2225) exhibited no detectable interaction with DotL(590-783)-DotN-IcmSW, but notable interactions with DotL (590-783)-DotN-IcmSW-LvgA and DotL(590-783)-IcmSW-LvgA ( Supplementary Fig. 4c,d ), as observed for VpdB and SetA.
Together, these data demonstrate that IcmSW and LvgA are required to form the multiprotein assembly with the C-terminal extension of DotL to interact with effector proteins and that LvgA appears to be a critical subunit in the T4CP complex for binding a subset of effector proteins.
A model for the architecture of the T4CP holocomplex. According to a sequence alignment by HHpred (ref. 23) , the ATPase domain (NBD plus AAD) of DotL is composed of residues 118-585. Based on the reported homohexameric structure of TrwB lacking the N-terminal transmembrane region 34 , we built a hexameric model of the ATPase domain of DotL, which was then combined with the six copies of the structure of DotL(590-783)-DotN-IcmSW-LvgA (Fig. 5a ). In the hexameric structure of TrwB, the C-terminal end is located most remotely from the excised membrane segment. The C-terminal end in the model for the DotL ATPase domain is located similarly and could be connected reasonably to the N-terminal end of DotL in the DotL(590-783)-DotN-IcmSW-LvgA structure. With the length constraint at the connection, the orientation of DotL (590-783)-DotN-IcmSW-LvgA was manually adjusted to align the six copies without a steric clash. This resulted in an elongated bell-shaped architecture composed of the membrane-proximal ATPase hexamer and the membrane-distal C-terminal assemblies of DotL (Fig. 5a) . The holocomplex has a narrow central channel (diameter of ∼20 Å) in the ATPase hexamer and a large chamberlike space surrounded by the six copies of the C-terminal assembly of DotL. Located at the bottom of the holocomplex, LvgA forms the bottom rim, indicating that an effector protein bound to LvgA would be positioned quite far from the membrane.
This model for the T4CP holocomplex does not include DotM, which is a transmembrane protein and is known to interact with DotL (ref. 2). We determined the structure of a cytoplasmic fragment of DotM (residues 161-371) at 1.8 Å resolution (Supplementary Fig. 5 ). DotM(161-371) is an α-helical globular protein. The structure is not similar to known protein structures according to aDali search (highest Z-score, 4.7). Because the size of the cytoplasmic domain of DotM is smaller than the NBD domain of DotL, it is presumed to interact with the top portion of DotL below the inner membrane of L. pneumophila (Fig. 5b) .
Discussion
The DotL T4CP forms a multi-subunit T4CP complex through its C-terminal extension. The T4CP AAA+ ATPases commonly contain a transmembrane domain, an NBD and an AAD. Some T4CP ATPases, for example, TrwB of E. coli, are composed of these three domains only, but other T4CP ATPases, such as VirD4 of A. tumefaciens, contain an additional domain at the C terminus. This domain, which we designate as the C-terminal extension, varies greatly in length as well as in sequence among bacteria (Fig. 6) . The functional roles of this extension are poorly understood. For the TraD T4CP in E. coli, the eight-residue tail of its C-terminal extension (∼140 amino acids) has been shown to interact with the plasmid conjugation factor TraM (ref. 35) , which binds cognate plasmid. Analogously, the C-terminal extension (∼124 residues) of VirD4 has been demonstrated to be required for the translocation of the VirE2 effector protein, although a binding interaction between the two was not detectable 36, 37 . In the case of TrwB, which lacks a C-terminal extension, the AAD plays an equivalent role, as this domain binds to DNA and cognate processing proteins 38 . The Dot/Icm T4CP is likely to require a more elaborate substrate-recognition mechanism than T4CPs mediating conjugative plasmid DNA transfer, because the former has to recognize a large number of effector proteins while the latter recognizes a DNA-relaxase adduct and additionally a few effectors as the substrate(s). Acquisition of the intricate C-terminal assembly of DotL during evolution, which would be absent in TrwB-like T4CPs lacking a C-terminal extension, might have been essential for DotL to recognize and process a large number of effector proteins. Notably, T4CPs associated with a T4BSS contain a C-terminal extension, which in general is longer than that of T4CPs associated with a T4ASS (Fig. 6) . Whether the length of the C-terminal extension may reflect the complexity of the interacting proteins remains to be investigated further. Because the C-terminal extensions are heterogeneous in their length and sequence, the set of proteins interacting with a C-terminal extension differ from one pathogen to another. Consistently, DotN, IcmS, IcmW and LvgA homologues are found only in Legionellales. This diversification is perhaps a reflection of the great variations of the effectors translocated through T4SS among pathogens 39 .
Potential role of DotM. DotM is known to stabilize DotL, presumably through direct protein-protein interaction 2 . Although we determined the structure of DotM(161-371), no further clues for the functional roles of DotM were gained. Because DotM (161-371) is small and globular ( Supplementary Fig. 5 ), the cytosolic domain of DotM could interact with the membraneproximal NBD domain of DotL (Fig. 5b) , in addition to the reported DotL-DotM interaction through their transmembrane domains 2 . We sought to address this possibility, but our effort was hampered by the protein instability of all DotL constructs containing the ATPase domain.
In contrast to other non-ATPase subunits of the T4CP complex, DotM homologues are found in alpha-, beta-, gamma-and deltaProteobacteria according to a sequence homology search. The wide distribution of DotM supports a possibility that this subunit may play a general role in substrate translocation by interacting with T4CP ATPase, for example, through regulation of the ATPase activity of T4CP or by linking T4CP to the secretory conduit. , respectively.
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Substrate recognition/recruitment. Both IcmSW and IcmS-LvgA were presumed to function as a cytosolic adaptor involved in substrate recognition by the Dot/Icm complex 25, 28, 31 , like secretion chaperones in the type III secretion system, which bind substrate proteins and maintain them in a secretion-competent state [40] [41] [42] . The data presented here support that they function as an integral component of the Dot/Icm T4CP complex rather than as a free heterodimer. Consistently, although a potential interaction between IcmSW or IcmS-LvgA and four tested effector proteins was undetectable or marginally detected ( Supplementary Fig. 4a,b) , the interactions of DotL(590-783)-IcmSW-LvgA with VpdB and SetA were clearly observed (Fig. 4) .
So far, two different secretion signals have been identified in the Legionella effector proteins that depend on the Dot/Icm T4SS for their translocation: a glutamic acid stretch called E-block (EExxE) and several hydrophobic amino acids close to the C-terminal end 43, 44 . SetA contains none of the identified translocation signals. VpdB has a C-terminal 585 EEFNEQ 590 sequence, which conforms to the E-block motif and a hydrophobic residue Leu595 at the C-terminal -4 position. Intriguingly, however, we observed that VpdB(11-485) lacking this sequence motif interacted with DotL (590-783)-DotN-IcmSW-LvgA indistinguishably from fulllength VpdB (Supplementary Fig. 4e ). Thus, VpdB and SetA seem to belong to another group of Leginonella effectors that contain an unknown translocation signal 45 . Of note, VpdB and SetA share no detectable sequence homology with each other and they exhibit considerably different binding affinities (0.33 versus 1.57 µM) for the substrate-recognition assembly. Given the large number of Legionella effectors, substrate recognition by the C-terminal assembly of the T4CP complex is expected to be promiscuous. Different surfaces of the substraterecognition assembly, including that of DotN, might be used for interaction with different effector proteins. On the other hand, as yet unknown adaptor proteins may be involved in substrate recruitment, because DotL(590-783)-DotN-IcmSW-LvgA exhibited no interaction with SidJ and Lpg0393 that we tested. We also note that RalF, whose secretion is independent of IcmSW (refs 20,31), did not show a detectable interaction with DotL (590-783)-DotN-IcmSW-LvgA (Supplementary Fig. 4f ).
Architecture of the Dot/Icm T4CP holocomplex and substrate processing. At this point, we do not know whether the substraterecognition assembly in the T4CP holocomplex may form a proximity-induced hexamer forced by the hexamerization of the ATPase domain of DotL. In this case, the six substrate-recognition assemblies would form a chamber below the ATPase hexamer (Fig. 5b) . Alternatively, they could undergo a hinge bending motion at the junction between the ATPase domain and the C-terminal extension of DotL. In either case, the substrate protein recruited to the T4CP holocomplex should be placed under the ATPase hexamer and then unfolded to pass through the central channel of the ATPase hexamer.
In L. pneumophila, the homologues of the three substrateprocessing ATPases of A. tumefaciens VirD4, VirB4 and VirB11 are present as DotL, DotO and DotB, respectively. The functional role of the cytosolic DotB protein in the T4SS substrate export has been verified through genetic analysis 46 . Given the architectural view of the T4CP holocomplex (Fig. 5) , it is tempting to speculate that hexameric DotB may stabilize or induce hexamerization of the substrate-recognition assemblies by binding them at the bottom of the T4CP holocomplex. In this scenario, the spacious chamber formed by the six substrate-recognition assemblies (Fig. 5 ) may serve as a substrate-unfolding chamber, where the ATPase activities of DotB and DotL provide energy for protein unfolding.
Conclusions
The presented study reveals how five different subunits assemble to form the Dot/Icm T4CP holocomplex, which probably represents the architectures of multi-subunit coupling complexes mediating effector protein translocation in other pathogenic bacteria. The membrane-distal part of the T4CP holocomplex, below the membrane-proximal ATPase hexamer, is identified as the interface for effector protein recognition. This work provides a strong foundation for addressing the enigmatic questions of how selective recognition of effector proteins and ATP-driven substrate processing are achieved by multi-subunit T4CP complexes. A detailed mechanistic understanding of these complexes would be valuable for therapeutic intervention in effector translocation into host cells, which is critical for the infectivity of many pathogenic bacteria.
Methods
Protein production DotL(656-783)-IcmSW. Genomic DNA (NCBI accession no. AE017354.1) from L. pneumophila (Philadelphia-1) was purchased from ATCC. The genes encoding full-length IcmS (AAU26539.1) and IcmW (AAU28746.1) were cloned into the pRSFDuet-1 (Novagen) vector by standard polymerase chain reaction (PCR) cloning methods. IcmS with a C-terminal fusion of the cysteine protease domain (CPD) of the V. cholera MARTX toxin 48 with a (His) 10 -tag and IcmW without a tag were coexpressed from this vector in E. coli BL21 (DE3) RIPL strain (Novagen) at 18°C overnight after 200 μM isopropyl-β-D-thiogalactoside (IPTG) induction. A DNA fragment coding for residues 656-783 of DotL (AAU26543.1) was subcloned into the pET22b CPD-(His) 10 vector to produce DotL(656-783) with C-terminal fusion of CPD-(His) 10 . The protein was expressed in the E.coli BL21 (DE3) RIPL strain at 18°C overnight. E. coli cells expressing these proteins were co-sonicated and cleared lysate was applied onto a gravity flow column containing HisPur Cobalt Resin (Thermo Scientific). The column was washed with buffer A (20 mM Tris-HCl (pH 7.5), 100 mM NaCl and 3 mM 2-mercaptoethanol) and the CPD-(His) 10 tag was autolytically cleaved off on this resin by incubation with 100 μM sodium phytate (Sigma Aldrich). The flow-through fraction was further purified using a HiTrap Q anion exchange column (GE Healthcare) and a HiLoad 26/60 Superdex 75 gel-filtration column (GE Healthcare) equilibrated with buffer A supplemented with 1 mM dithiothreitol (DTT) instead of 2-mercaptoethanol. Selenomethionine (SelMet)-labelled DotL(656-783)-IcmSW was obtained by using the E. coli B834 (DE3) RIL strain (Novagen) and purified according to the same procedure for the native protein. . The E. coli BL21 (DE3) RIPL strain transformed with the two vectors expressed the three proteins. A DNA fragment coding for DotL(656-783) was cloned into the pET22b vector, and the protein was expressed from the E. coli BL21 (DE3) RIPL strain. Equal volumes of E. coli cultures were co-sonicated and cleared lysate was applied onto a gravity flow column containing HisPur Cobalt Resin. The column was washed with buffer A and the proteins were eluted with buffer A containing an additional 200 mM imidazole. After treatment with tobacco etch virus protease overnight, the complex was further purified using a HiTrap Q anion exchange column and a HiLoad 26/60 Superdex 75 gel-filtration column. DotM(161-371). DotM (AAU26542.1) was cloned into pET22b CPD-(His) 10 vector and expressed in BL21 (DE3) RIPL strain at 18°C overnight. The purification procedure was virtually identical to that for the DotN homodimer. SelMet-labelled DotM(161-371) was obtained using E. coli B834 (DE3) RIL strain (Novagen) and purified according to the same procedure used for the native protein. SidJ(128-873), Lpg0393, VpdB, VpdB(11-485), SetA, PieA, SidH(1830-2225) and RalF. SidJ(128-873) (AOU14010), Lpg0393 (YP_094437), SetA (Q5ZU30) and PieA (YP_095979.1) were expressed as a fusion protein containing a C-terminal CPD-(His) 10 tag, VpdB (WP_010946959) and VpdB with an N-terminal (His) 10 -GST tag, SidH(1830-2225) (AAU28877.1) and RalF (WP_010947666) with an N-terminal (His) 10 -YFP tag. The procedures for expression and purification of these effector proteins were similar to those used for DotN and DotL(656-783)-IcmSW-LvgA.
Crystallization, structure determination and refinement. DotL(656-783)-IcmSW. The DotL(656-783)-IcmSW subcomplex (20 mg ml -1 ) was crystallized in a solution containing 25% (vol/vol) PEG 550 monoethylether, 100 mM 2-(N-morpholino) ethanesulfonic acid (pH 6.5), 10 mM zinc sulfate and 5 mM spermine tetrahydrochloride (Sigma Aldrich). Crystals appeared overnight and reached their maximum in ∼3 days. The SelMet-substituted complex was crystallized under the same conditions. The crystallization solution served as the cryoprotectant in cryocooling of the crystals. A SAD data set was collected at the Se absorption peak. The Se positions were identified and the phases were calculated using PHENIX software 49 . DotN homodimer. The DotN homodimer (10 mg ml -1 ) was crystallized in a solution containing 600 mM sodium citrate and 100 mM sodium cacodylate (pH 6.5). For cryoprotection, the crystals were soaked in the crystallization solution containing an additional 12% PEG400. X-ray fluorescence scans indicated the presence of Zn with the Zn K edge at 9.66 keV. A SAD data set was collected at a wavelength of 1.2828 Å. The Zn anomalous signal was sufficient for phase determination using PHENIX software 49 . ) was crystallized in a solution containing 100 mM Tris-HCl (pH 8.5), 17% (vol/vol) PEG3350 and 200 mM MgCl 2 . SelMet-substituted DotL(161-371) was crystallized under the same conditions, but required microcrystal seeds of the native protein. For cryoprotection, the crystals were soaked in crystallization solution containing additional 10% glycerol. The best X-ray data set was obtained with a SelMet-substituted crystal. Phase determination and auto model-building were performed using PHENIX 49 . All crystals were obtained using the hanging-drop vapour diffusion method at 20°C. All X-ray diffraction data were collected at beamline 5C at the Pohang Accelerator Laboratory. All diffraction data were processed with the HKL2000 suite 51 . All model building and structure refinement were carried out using COOT 52 and CNS 53 . Crystallographic data statistics are summarized in Supplementary Table 1. SAXS analysis. SAXS data were collected with the SX165 detector at a sample-todetector distance of 1,000 or 4,000 mm on the 4C SAXS II beamline at Pohang Light Source II. All scattering measurements were carried out at 4°C using a FP50-HL refrigerated circulator (JULABO). Samples of varying protein concentrations (2, 4 and 6 mg ml -1 DotL(590-783)-DotN-IcmSW-LvgA) were used to obtain triplicate measurements. For each sample, we recorded six successive frames of 5-10 s exposure at 0.734 Å wavelength. These frames, indicating no sign of radiation damage, were averaged for further analysis. Data were processed and analysed using software applications embedded in the ATSAS package (http://www.embl-hamburg. de/biosaxs/software.html). The one-dimensional scattering data I(q) as a function of q (q = 4πsinθ/λ, where 2θ is the scattering angle and λ is the wavelength) were obtained by radial averaging. Scattering intensities from the buffer solution were measured and used for background subtraction. The I(q) data of the samples were then extrapolated to zero concentration. The program GASBOR 54 was used to reconstruct the molecular shapes. The SAXS curves and distance distribution function P(r) were calculated using CRYSOL 55 and GNOM 56 , respectively.
DotL
ALEX-FRET analysis. The DotL(590-783)-DotN-IcmSW complex was labelled with Cy3-and Cy5-maleimide (GE Healthcare). For dual labelling, the two fluorescent dyes were added at a 1:2 (protein:dye) molar ratio. The mixture was incubated for 6 h at 4°C. Unreacted dyes were removed by a PD minitrap G-25 size-exclusion column (GE healthcare). Dye labelling was confirmed by a fluorescent protein band on an SDS-PAGE gel. The ALEX-FRET method and data analysis have been described in previous works 57, 58 . The laser intensities for donor and acceptor excitation were 80 and 30 μW, respectively. To detect single diffusing molecules in solution, the protein sample was diluted to ∼50 pM in a buffer solution containing 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM NaN 3 , 1 mM DTT, 5% glycerol (vol/vol), 100 µg ml -1 bovine serum albumin and 1 mM β-mercaptoethanol. Labview software (National Instrument) was used to select fluorescent bursts induced by single molecules. The FRET efficiency E and stoichiometry parameter S were calculated as described previously 57 : SiMPull. Slides and chambers were constructed as previously described 60 . All samples were diluted in T100 buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl) and experiments were performed at 23°C. Slide chambers were first blocked by flowing in 10% bovine serum albumin solution and incubating for 30 min. Slides were washed and then treated with NeutrAvidin (Thermo) followed by biotinylated V5 antibody (Genetex) diluted 1:100. After thorough washing, 40 µl V5 tagged DotL (590-783)-DotN-IcmSW-LvgA was added to slide chambers and allowed to bind for 10 min. Unbound complex was washed out of the chambers with T100 buffer. A 40 µl volume of 50 nM SetA protein tagged with green fluorescent protein (GFP) or mCherry at the N terminus was added, allowed to bind for 10 min, and unbound SetA was then washed out. Image acquisition was performed using a total internal reflection fluorescence (TIRF) microscope and an electron-multiplying chargecoupled device camera. Single-molecule spots were identified using IDL scripts and mean spot counts were calculated using MATLAB scripts.
Biolayer interferometry. The K D value for the protein-protein interaction was derived from measurement of the kinetic parameters using a BLItz instrument (ForteBio). T4CP subcomplexes containing a (His) 10 tag were loaded onto a nickelnitrilotriacetic acid (Ni-NTA) biosensor for 120 s. A baseline was determined by incubating the sensor with 500 μl T100 buffer for 30 s. A 4 µl volume of VpdB and SetA in the T100 buffer was used to measure protein association until reaching steady state. The binding was used to measure protein dissociation (for a duration of 120 s). Binding kinetics were deduced using BLItz Pro software (ForteBio).
Homology modelling. The template-based structure modelling method GOAL was used to generate models for the monomeric structure of the DotL ATPase domain 61 . In GOAL, the two structures of TrwB (apo and ADP-bound) were used as templates, and its sequence was aligned with the target sequence using the multiple sequence-structure alignment protocol of MSACSA (ref. 62 ) followed by generation of structure models by the global optimization method of conformation space annealing 63, 64 . These monomeric models were used to build the hexameric structure of the target by placing six copies of a monomer on the hexameric structures of TrwB using MODELLER (ref. 27). The final structure was selected from 100 models based on the MODELLER energy, the steric clash score and the discrete optimized protein energy score. Finally, side-chain remodelling was carried out using SCWRL4 (refs 65,66) . 
